Introduction
Serological Response to Pneumococcal and Tetanus Vaccination after Allogeneic Hematopoietic Stem Cell Transplantation was used for continuous variables or Fishers exact test to determine non-random association between two variables.
Protective levels of antibodies to pneumococcal and tetanus toxoid antigens were retained prior to vaccination in 20% (n=23 of 114) and 76% (n=82 of 108) respectively. One hundred and twenty-one patients of the cohort (77%) received vaccinations at a median time of 12.16 months post transplantation (range 5.1 to 65.1 months). Of the vaccinated patients, vaccine responses were evaluated in patients with paired serology before and after pneumococcal (n=63, 52%) and tetanus vaccinations (n=57, 47%). Protective levels of antibodies were seen in 39 out of 63 (61.9%) after pneumococcal vaccinations compared with 52 of 57 patients (91.2%) after tetanus vaccination. Poor response to vaccination was seen in patients on a daily dose of 10 mg or more of prednisolone (4 responders out of 12 on steroids versus 35 out of 51 patients not on prednisolone, p=0.04) and chronic GvHD (8 responders out of 26 patients with cGvHD versus 31 out of 37with no evidence of cGvHD, p<0.001). Three patients out of 24 with non-protective pneumococcal antibody levels developed community acquired invasive Streptococcus pneumonia infection compared to none out of 39 patients with protective levels of IgG2 specific Pneumococcal antibodies (p=0.034).
In conclusion, at 6 months post-transplant, protective antibody titres to pneumococcal antigens was not maintained post transplantation. In contrast, most patients retained immunity to tetanus antigens. Vaccination appeared effective in most patients where post-vaccination titres were available. Prednisolone and GvHD negatively influenced immune responses to pneumococcal vaccination. Consideration of chemoprophylaxis with penicillin in susceptible, immune suppressed patients with un-protective levels of pneumococcal antibodies is recommended. Patients who survived at least 6 months post transplantation were included in this study. All patients provided consent for data collection and analysis at the time of transplantation. The transplantation procedures, conditioning regimens, immunosuppression and GvHD prophylaxis/treatment were performed according to standard protocols.
Vaccine preventable disease serology and vaccination protocol
Vaccination serology was routinely obtained prior to vaccination at 6 months post-transplantation. Serum antibody levels to pneumococcal antigens and tetanus toxoid were measured at baseline (pre-vaccination) and approximately 6 months post vaccination using an Enzyme Linked Immunoassay (ELISA) method using commercial kit Bindazyme UK MK013 -IgG2 and VaccZyme™ Anti-Tetanus Toxoid IgG Enzyme Immunoassay Kit (The Binding Site UK MK010) testing performed by Immunology Department, PathWest, WA. Peripheral blood flow cytometry was performed to enumerate B-lymphocyte and T-lymphocyte populations using an in-house accredited antibody panel [testing by Haematology Department, PathWest, WA]. The normal range for CD4+ T-lymphocytes was defined as 500-1400 × 10 Vaccines were administered as deep intramuscular injection, at separate sites, after pre-vaccination serology was collected. The vaccination protocol is shown in table 1, and is aligned with EBMT recommendations [5] . Vaccination was administered independent of the serology results. Live vaccination was administered to patients without immunosuppression or evidence of active cGvHD at 2 years post transplantation.
Response criteria
Pneumococcal specific antibody titres of IgG2 serotype were collated at two-time points, pre and post vaccination. A sero-conversion response was defined as an increase in more than or equal to 15 mg/L pneumococcal IgG2 levels in a seronegative individual, or after vaccination. Tetanus specific antibody titres were reported with a seroconversion response defined as an increase in levels more than 0.1 IU/ mL [6] .
Pneumococcal infections
All microbiological cultures done for each patient was interrogated via our results database. Positive cultures for S. pneumoniae were collated from sputum, blood or body fluids.
Statistical analysis
Comparison of continuous variables was done using Student T-test. Non-random association between groups was compared using Fisher's exact test (2-sided) . A p-value of less than 0.05 was considered statistically significant.
Results

Patient characteristics
156 recipients of allogeneic HSCT were identified as eligible to receive vaccination during this study period (2004 to 2015). The patient characteristics of the cohort are listed in table 2. The median age of patients at allogeneic HSCT recipients was 42 years, of these only 4.4% (n=7) were paediatric patients (range from 1.04 to 16 years, median 6.56 years). Most patients received stem cell grafts sourced from peripheral blood (n=126, 80.7%) AML constituted the largest indication for HSCT (n=64, 41.0%), followed by ALL (n=23, 14.7%), MDS (n=15, 9.6%) and NHL (n=14, 8.9%). Median follow up post transplantation was 52.07 months.
Vaccination rates post-transplant
Of the eligible HSCT recipients (n=156), the rate of post-trans- Legend: *Other: Hodgkins Lymphoma (n=11), CML (n=12), CLL (n=4), Bone marrow failure syndromes (n=2), Multiple Myeloma (n=2), SAA (n=2), Bone marrow fibrosis (n=2), (account for 5 more left over).
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• plant vaccination was 77% (n=121). Time to vaccination was 7.6 months. A few patients (n=35, 22.4%) did not received any vaccination during the study audit period (Table 3) for the following reasons: Active GvHD (n=16, 10.2%), disease relapse (n=6, 5.8%), relocation (n=3, 1.9%), poor graft function with cytopenias (n=2, 1.3%), and medical reasons (n=1, 0.6%). Data was not available in 7 cases.
Pre-vaccination serology
Protective IgG2 levels of pneumococcal immunoglobulin to pneumococcal antigens was present in 20% (n=23 of 114 evaluable) patients based on serology collected prior to vaccination. Of the 23 patients with protective levels of pneumococcal antibodies at baseline, 19 patients were subsequently vaccinated. Of these 14 received their first vaccination at time of serological testing (n=6) or within 3 months (n=8) while 4 patients had their vaccination delayed between 5 months and 4 years. 16 of these patients had paired pneumococcal serology levels measured and were included in the paired analysis. In contrast, 76% (n=82 of 108 evaluable) patients with baseline pre-vaccination serology titres available had protective levels of tetanus toxoid antibody (>0.1 IU/L). Of the vaccinated patients (n=121), pneumococcal serology was measured pre-vaccination in 80% (n=97) patients. Paired serology measurement was available in 52% (n=63) patients. Only patients with paired serology were suitable for assessment of pneumococcal specific vaccination responses. Paired tetanus serology was available for evaluation in 47% (n=57) patients.
Response to pneumococcal vaccination
Response to pneumococcal vaccination was assessed in 63 patients who received the pneumococcal vaccination and had paired pre and post vaccination serology measurements available. There was a significant increase in the mean pneumococcal IgG2 titres from 14.1 mg/L at baseline to 45.05 mg/L ~6 months post vaccination (p <0.0001), figure 1.
However, 38% (n=24) of pneumococcal vaccinated patients did not achieve protective levels of pneumococcal IgG2 titres despite receiving at least one vaccination dose. In detail, 63 patients with paired serology, received at least one dose of pneumococcal vaccination, while 41 and 10 patients received 2 and 3 doses of the pneumococcal vaccination respectively. While inadequate vaccine exposure may contribute to non-development of protective antibodies, we have noted that 10 of 22 recipients of a single dose of pneumococcal vaccination were found to have non-protective levels of pneumococcal antibodies versus 14 of 41 recipients of 2 or more vaccination doses (p=0.41).
Poor response to vaccination was seen in patients on a daily dose of 10 mg or more of prednisolone (p=0.04) and chronic GvHD (p<0.001) table 4. We did not observe any significant associations between pneumococcal vaccine response and total serum IgG levels, CD4+ T-lymphocytes, CD8+ T-lymphocytes, CD19+ B-lymphocytes at the time of vaccination or prior anti-CD20 rituximab therapy.
Response to tetanus vaccination
Post tetanus vaccination titres were collated. There was a significant increase in the mean anti-tetanus antibody titre after vaccination (0.67 IU/ml versus 2.3 IU/ml, p<0.0001 figure 1B) . Overall, protective titres (>0.1 IU/mL) were seen in 94.7% (n=54 of 57 evaluable patients) post vaccination with a median titre of 2 IU/mL (range 0.1 to 270 IU/mL) ( Figure 1B) . Only 5.3% (n=3) of patients did not develop protective tetanus serology. All three patients had GvHD at the time of initial vaccination.
In vaccine responders with long term data, sustained immunity to both pneumococcal and tetanus vaccination was seen over 3 years (Figure 2 ). 
Invasive Streptococcus pneumoniae infections
In our cohort, three patients developed community acquired invasive Streptococcus pneumoniae bacteraemia or pneumonia post transplantation. There was no pattern to the timing of these episodes post transplantation (range 5.9 -51 months) with one patient developing the infection early (less than 6 months) post transplantation while the other two patients developed infection late post transplantation ( Table  5 ).
All three patients presented with fever, cough and clinical features of pneumonia and had non-protective serology levels at the time of infection. They had considerable morbidity needing in hospital admission and intravenous antibiotics. Patient 1 developed pneumonia within the first 6 months post transplantation prior to being vaccinated. He was on cyclosporine as graft versus host disease prophylaxis and previously had been prescribed steroids for acute GvHD. Patient 2 developed S. pneumoniae bacteraemia ~51 months post transplantation requiring an Intensive Care Unit admission with ventilation and ionotropic blood pressure support and a prolonged 55 days inpatient care. He was on Tacrolimus and weaning dose of 5 mg prednisolone daily for GvHD at the time of vaccination and failed to develop protective levels of anti-pneumococcal antibodies post-vaccination. He subsequently refused re-vaccination and was subsequently treated with prophylactic phenoxymethylpenicillin. Patient 3 was on Cyclosporine and prednisolone for GvHD at the time of vaccination and did not develop protective pneumococcal antibody titres. He needed a short stay in hospital after being transferred from a regional hospital. He was discharged on phenoxymethylpenicillin. He was subsequently re-vaccinated and developed protective antibody titres of 26 mg/L.
Discussion
Most allogeneic HSCT patients at our centre received vaccinations as per recommendations of the European Group for Blood and Marrow Transplantation [5] . However, clinicians had discretion to initiate vaccination schedules when they deemed clinically appropriate, leading to a delay in initiation for some patients. For most patients, the decision to vaccinate coincided with immune reconstitution as evidenced by absolute CD4 counts of >200/μL and/or IgG >5 g/L, in the context of low dose of steroids and minimal evidence of GvHD.
In this study, we found a high rate of persistence of protective levels of antibodies to tetanus toxoid at median of 6.57 months post transplantation. There does not appear to be any interaction between immunosuppression, GvHD or transplant conditioning on maintenance of immunity to tetanus. Indeed, in patients with 3 or more anti-tetanus titre measurements (n=6), maintenance of protective antibody titres was seen over 3 years. Other groups have also reported that GvHD had no effect on the response to tetanus vaccination [7, 8] . There is evidence that 50% of patients with immunity to tetanus toxoid pre-transplantation maintained their immunity at one-year post transplantation, but that there is a decline in protective antibody titres by 2 years [7] . Hence this data would support the use of routine re-vaccination for tetanus in the post-transplant setting to maintain long-term immunity.
In this study, we found protective levels of antibodies to pneumococcal antigens are seen prior to vaccination in 20% of patients tested 6 months post-transplant. We have detected a greater than 3 fold increase in IgG2 specific pneumococcal antibodies from a baseline of 14.1 mg/L to mean of 45.05 mg/L post vaccination. In addition, protective levels of pneumococcal specific IgG2 antibodies are maintained for at least 3 years post vaccination. However, only a small subset of vaccinated patients had longitudinal data available. Hence, further prospective studies may be needed to determine suitable time for re-vaccination in long term survivors post allogeneic transplantation.
We have shown that pneumococcal vaccine efficacy is independent of complete restoration of adaptive immunity. We have shown that mean levels of CD4+, CD8+ T cells and CD19+ B cells can be low in patients at the time of vaccination and they can still develop protective levels of pneumococcal antibodies. Similarly, vaccine response was not restricted to patients with levels of immunoglobulin IgG above 4 mg/L and can occur in patients with total serum IgG levels as low as 2.8 mg/L. Hence, vaccination is recommended even when partial reconstitution of adaptive immune response occurs. This is contrast with study done by Cordonnier et al., [9] who showed that IgG levels <4 mg/dl negatively affected development of protective Ig levels post vaccination to pneumococcus. Using univariate analysis, the use of corticosteroid therapy and presence of GvHD had a negative impact on development of protective levels of immune response to pneumococcal vaccination. The negative effect of steroids in impairing pneumococcal vaccination response has been previously reported [10] . Similarly, the presence of acute and chronic GvHD adversely affects response to pneumococcal antibody formation after allogeneic HSCT [11] .
Hence delay in pneumococcal vaccination would be recommended in patients with active GvHD and on 10 mg or more of prednisolone.
In a prospective study of 30 allogeneic HSCT patients from a single centre, vaccination with pneumococcal polysaccharide vaccine 23 valent resulted in a similar median increase in serotype specific IgG response of 43% at one month and 2 months [12] . Antibody titres in this population decrease over time if re-vaccination was not administered [13] . In double cord blood recipients transplanted for malignancy both children and adults developed responses to Prevnar 7 and or Prevnar 13 pneumococcal vaccines [14] . Our group has previously shown that allogeneic HSCT recipients are deficient in switched and IgM memory B cells [15] irrespective of time post-transplant. Switched memory B cell defects correlated strongly with CD4 T cell count, levels of IgG1 and the presence of GvHD. Other groups have shown that the lack of CD19+ CD27+ memory B cells or decreased levels of circulating immuneglobulins make allogeneic HSCT patients susceptible to encapsulated bacteria such as S. pneumoniae and Haemophilus influenzae [15, 16] . Therefore, we recommend that B cells subpopulations, including switched and IgM memory B cells, should be measured routinely post-HSCT.
In this regard, initiation of vaccination has been recommended to commence 3 to 6 months post transplantation by a few bone marrow transplant and infectious disease societies [3, 17, 18] and needed 3 vaccination doses of PCV13 followed by a single booster dose of 23 valent Pneumococcal polysaccharide vaccination leads to the development of immune titres across all serotypes included in the vaccination [9] . PCV13, a conjugate vaccine is more immunogenic than polysaccharide PPSV23 vaccine, and confers durable protection and develops an anamnestic response via generation of memory B cells. Twelve of these serotypes plus the 6A serotype not contained in PPSV23 account for >50% of IPD in children and form the basis of the more effective protein conjugated PCV13 vaccine (Prevnar) that was developed originally for young children [19] . Hence, we have adopted a vaccination strategy using conjugate vaccination followed by a single booster vaccination with PPSV23 to cover most strains of S. pneumoniae.
S. pneumoniae is a significant cause of vaccine preventable infections which cause considerable morbidity and mortality in immune suppressed HSCT patients. Hence, we reviewed infections caused by S. pneumoniae in our HSCT cohort isolated from blood bronchoscopy washings, blood cultures or sputum cultures.
One patient developed pneumococcal infection less than 6 months post transplantation whilst on cyclosporine and prednisone for acute graft versus host disease i.e., prior to our institutions recommendation of vaccinations. Two pneumococcal infections were noted in our cohort after receiving vaccinations, however, both the patients were on immunosuppression for GvHD at the time of vaccination (Table 5) . It is unclear whether these cases reflect true "break-through" infection as testing of pneumococcal serotypes was not performed on these cases and vaccination with PCV13 and PPSV23 is not protective against all pathogenic forms. For instance, in a large population based retrospective study of 25,502 patients in Denmark, Harboe et al., has shown that PCV13 covered 55%-80% of invasive pneumococcal infection cases in patients ≥5 years while serotypes included in PPV23 have caused 80%-90% of all IPD cases in elderly patients [20] . In addition, in immune compromised patients with haematological malignancy, PCV13 covered 84% of invasive serotypes while addition of PPSV23 covered 92% of serotypes involved in causing invasive pneumococcal infections [21] .
We note an increased incidence of invasive pneumococcus infection in our population as three out of 156 allogeneic HSCT patients (1.92% or 19.2/1000 HSCT patients) which is considerably higher than previously noted. For instance, in a retrospective study, Youssef et al. [22] , demonstrated that the incidence of S. pneumoniae infection was 7 per 1000 HSCTs, (0.7%) with a higher incidence in allogeneic over autologous graft recipients (9 vs. 5 per 1000, respectively; p ≤0.012).This discrepancy may relate to our cohort which includes only allogeneic HSCT recipients. Systemic corticosteroid therapy was also shown to increase the risk of acquiring S. pneumoniae bacteraemia [22] . Engelhard et al. [23] , also showed a significant increase in late invasive pneumococcal infections post allogeneic HSCT compared with autologous transplant recipients (12.2 vs 4.6 per 1000; p<0.01). The rate of S. pneumoniae infection was also significantly increased in patients with GvHD (18.8 vs 8.3 per 1000; p=0.015) [21] . The incidence of invasive pneumococcal infections was 8.23/1000 transplants with a higher incidence of 20.8/1000 transplants in patients with chronic GvHD [21] .
This study has a few limitations. Firstly, it is retrospective study with database and medical chart interrogation. Second, the transplanted patient cohort was small and only 50% of the vaccinated patients had paired serology data available. Hence, a prospective study measuring anti pneumococcal specific antibody titres before and after vaccination and assessing infection rates would be useful in validating our observations.
Conclusion
The significance of this study is in demonstrating the rapid, early decline in pneumococcal antibody titres in post-transplant patients, with 80% of our cohort having non-protective titres at six months post transplantation leaving them susceptible to invasive pneumococcal infection. Taken together with our response data, we would support clinician discretion to delay pneumococcal vaccination in HSCT recipients with risk factors for non-response including GvHD. However, if vaccination is delayed, alternative prophylaxis (e.g., penicillin) should be used to avoid invasive Streptococcal infection in an unvaccinated patient.
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